Background: Immunomodulatory drugs (IMiDs) and proteasome inhibitors have dramatically changed management of multiple myeloma (MM). While MM remains incurable, consolidation and maintenance therapy aimed at improving duration of response can potentially improve survival outcomes. A majority of randomized controlled trials (RCTs) have demonstrated benefit of IMiD-based maintenance therapy in delaying disease progression; however, whether this therapy can lead to improved survival remains controversial.
, followed by autologous stem cell transplantation (ASCT) was developed in the 1980s. This regimen represented another important advance in MM therapy and greatly improved the progressionfree survival (PFS) and overall survival (OS) of MM patients (3) . A better understanding of the interaction between MM cells and the bone marrow microenvironment and its role in disease progression has promoted the development of novel agents for MM therapy over the past two decades (4) . Immunomodulatory drugs (IMiDs) including thalidomide, lenalidomide, and pomalidomide and the proteasome inhibitors bortezomib and carfilzomib have been increasingly incorporated into MM therapy regimens in recent years (4) (5) (6) . Emergence of these newer therapeutic agents has led to a dramatic change in the paradigm of MM therapy and has resulted in further improved clinical outcomes for MM patients (4) .
Initial therapy for MM patients depends to a certain extent on their eligibility for ASCT. Patients considered to be transplantation candidates usually receive two to four cycles of induction therapy and subsequent myeloablative high-dose therapy (HDT) immediately followed by ASCT (2) . Transplantation-ineligible patients are also first treated with induction therapy; however, the therapy duration is often extended (2) . Despite the tremendous advance achieved by the incorporation of novel agents, including bortezomib, thalidomide, and lenalidomide, into induction regimens, a majority of patients experience disease progression or relapse and die within 10 years of treatment initiation (7) . Therefore, the development of effective strategies to better control the disease after initial therapy is imperative to increasing the long-term survival of MM patients. The role of consolidation and maintenance therapies following initial induction therapy has been actively investigated in the field. Consolidation therapy is used in the transplantation setting and typically consists of a short course of more intensive therapy, eg, two to four cycles of combination regimens such as bortezomib, lenalidomide, and dexamethasone, with the primary goal of deepening the response achieved by induction therapy and HDT/ASCT (5,7). Maintenance therapy is usually administered continuously for a prolonged period of time, typically with a single agent, with the goal of preventing or delaying disease progression (5,7). Both approaches have been shown to delay disease relapse and the need for second-line intensive therapy (8) .
Interferon-α and glucocorticoids were the first agents studied for MM maintenance therapy; however, these agents have not been widely adopted because of concerns of long-term efficacy, tolerability, and/or side effects (7) (8) (9) (10) (11) . Newer agents are more attractive candidates for use in the maintenance setting because of improved efficacy and better tolerability. While a few clinical studies on the role of bortezomib in MM maintenance therapy are available, the most well-studied agents in this setting are IMiDs by far, including thalidomide and lenalidomide (7, 12) . Randomized controlled trials (RCTs) studying the role of thalidomide and lenalidomide in MM maintenance therapy either after HDT/ASCT in transplant-eligible patients or after conventional induction therapy in transplant-ineligible patients have shown relatively consistent results regarding PFS prolongation. However, whether maintenance therapy with these agents ultimately improves the OS of MM patients remains controversial. Although thalidomide and lenalidomide are relatively well tolerated, long-term use may still lead to higher risks of cytopenia, infection, thromboembolism, neuropathy, and even second primary malignancies. Therefore, a comprehensive and in-depth analysis to further evaluate the survival benefits of thalidomide and lenalidomide maintenance therapy is necessary because these results may help establish the best algorithms for MM management.
Here, we report the results of a meta-analysis of RCTs that studied the efficacy and safety of thalidomide and lenalidomide in MM maintenance therapy in both the transplantation and nontransplantation settings and discuss the roles of IMiD maintenance therapy in MM management in the context of available literature and our comprehensive meta-analysis.
Methods

Data Sources and Searches
PubMed, Web of Science, ASH, ASCO, EHA, and ESMO databases were searched for eligible RCTs that studied the outcome of MM patients who received thalidomide-or lenalidomide-based maintenance therapy. The search terms used were "thalidomide OR lenalidomide," "multiple myeloma," and "maintenance therapy." The search was limited to publications in English. Reference lists of included articles were manually screened to retrieve eligible studies that may have been missed during the initial online search. The final update of the search was conducted on April 3, 2015.
Study Selection and Endpoints
Studies eligible for inclusion in this meta-analysis were required to meet all the following criteria: 1) they were published before April 2015 and written in English; 2) they were RCTs; 3) the study population was comprised of patients with newly diagnosed or previously treated MM; 4) the study had an intervention group: IMiD-containing maintenance therapy and a control group: IMiDfree or no maintenance therapy; and 5) they provided sufficient information on hazard ratios (HRs) of at least one of the following survival outcomes: PFS, event-free survival (EFS), time to progression (TTP), and OS. We included both studies in the transplantation setting and those in the nontransplantation setting. The publication with the most updated results was chosen if multiple publications were available for a given study. Two investigators (FY and YS) independently conducted the literature search and study selection, and two additional investigators (YW and WZ) resolved any discrepancies, reaching a final list agreed upon by all four investigators. Our efficacy endpoints of interest were survival outcomes, including PFS (or EFS/TTP) and OS. The safety endpoints were treatment-related grade 3-4 adverse events.
Data Extraction
Data from the studies were collected by two independent reviewers (FY and YS), including the first author's name, year of publication, trial design, ASCT status, maintenance therapy agents, and number of patients. Survival data were directly extracted from the text, table(s), or figure(s) of the publications or were estimated from Kaplan-Meier curve(s) where applicable.
Previously published meta-analyses (13) (14) (15) were also used as references of the data source when appropriate. Two additional authors (YW and WZ) resolved any discrepancies regarding the extraction/calculation of quantitative data. Adverse event data were directly extracted from the publications.
Statistical Analysis
Hazard ratios with 95% confidence intervals (CIs) of time-to-event data (PFS/EFS/TTP, OS) for the intervention arm vs control arm were used to represent the effect of treatment for each study, whereas the risk ratio (RR) with a 95% confidence interval was used to describe the effect size of dichotomous safety outcome. Data were combined into meta-analysis using the Comprehensive MetaAnalysis (v2), Stata (v13), and RevMan (v5.3) programs. The random effects model was utilized to calculate the pooled hazard ratio, risk ratio, and 95% confidence interval. Forest plots were generated using Comprehensive MetaAnalysis (v2). Statistical heterogeneity assessment was conducted using the Cochran's Q test and I 2 statistic, and differences between subgroups were assessed using methods described by Deeks et al (16) . I 2 describes the percentage of total variation across studies that is because of heterogeneity rather than chance. Statistically significant heterogeneity was defined as a P value of less than .1 or an I 2 statistic greater than 50% (16) . Sensitivity analysis was conducted by excluding one study at a time to explore the influence of each individual study on the pooled estimates. Publication bias was evaluated using Begg's rank correlation test (17) and Egger's regression test (18) . Funnel plots were generated using Comprehensive MetaAnalysis (v2). All statistical tests were two-sided, and statistical significance was defined at P values of less than .05.
Results
Trial Selection
The search and selection process is illustrated in Figure 1 . The initial search resulted in 558 potentially relevant studies. During the screening process, we excluded a total of 497 ineligible studies, including basic research studies, reviews, nonclinical studies, case reports, retrospective studies, and nonrandomized controlled trials. Upon further review of the remaining 61 studies, additional 43 were excluded for one the following reasons: no IMiD maintenance therapy, duplicated publication of the same clinical study, retracted publication, or no adequate information on (or for calculation of) the hazard ratio for survival outcomes. Finally, a total of 18 randomized clinical trials (enrolling 7730 patients) that studied IMiD maintenance therapy in MM were included in the present meta-analysis (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) .
Trial Characteristics
All 18 included studies were phase 3 RCTs, with a total of 7730 patients enrolled. Basic information and characteristics of the RCTs are presented in Table 1 . IMiDs used in the maintenance therapy regimen included thalidomide in 12 trials (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) and lenalidomide in six trials (31) (32) (33) (34) (35) (36) . IMiD-containing maintenance therapy was provided after ASCT in seven trials (19, 20, 23, 27, 30, 32, 33) . In nine trials (21, 22, (24) (25) (26) 28, 31, 34, 35) , the IMiD-containing regimen was administered in the nontransplantation setting. Two trials enrolled both transplantation-eligible and -ineligible patients (29, 36) .
Survival Outcomes
As shown in Figure 2A and Table 2 , IMiD-based maintenance therapy statistically significantly improved the PFS (HR = 0.62, 95% CI = 0.57 to 0.67, P < .001) in patients with MM. Subgroup analyses showed that both thalidomide-(HR = 0.66, 95% CI = 0.61 to 0.72, P < .001) and lenalidomide (HR = 0.52, 95% CI = 0.44 to 0.62, P < .001)-based maintenance therapies improved PFS. In addition, the PFS benefits of IMiD-based maintenance therapy were observed in both transplantation (HR = 0.61, 95% CI = 0.54 to 0.68, P < .001) and nontransplantation (HR = 0.63, 95% CI = 0.55 to 0.71, P < .001) settings. Stratification based on both IMiD agent and transplantation status confirmed that the PFS benefits of (Table 2) .
Conversely, IMiD-based maintenance therapy failed to statistically significantly improve OS (HR = 0.93, 95% CI = 0.85 to 1.01, P = .082) in MM (Fig 2B and Table 2 ), although a clear trend was observed for longer OS in the IMiD arm. Subgroup analysis based on different types of IMiDs showed that neither thalidomide (HR = 0.94, 95% CI = 0.85 to 1.05, P = .278) nor lenalidomide (HR = 0.87, 95% CI = 0.73 to 1.04, P = .135) statistically improved OS in the maintenance setting. In addition, IMiD maintenance therapy did not improve OS in either transplantation (HR = 0.89, 95% CI = 0.73 to 1.07, P = .214) or nontransplantation (HR = 0.95, 95% CI = 0.88 to 1.04, P = .273) settings. On further stratification, both thalidomide-and lenalidomide-based maintenance therapy failed to confer a statistically significant OS benefit regardless of ASCT status (Table 2) .
Notably, while the results described above were based on analysis performed with Comprehensive MetaAnalysis (v2), we obtained identical results with Stata (v13) and RevMan (v5.3) (data not shown). No maintenance * Pamidronate and No maintenance arms were combined as control arm. ASCT = autologous stem cell transplantation; EFS = event-free survival; IMiD = immunomodulatory drug; OS = overall survival; PFS = progression-free survival; TTP = time to progression. † Thalidomide, or lenalidomide, was also used during induction and/or consolidation therapy phases in experimental arms. ‡ Melphalan, prednisone, and thalidomide for nine cycles followed by lenalidomide or placebo maintenance. § Melphalan and prednisone for nine cycles, no maintenance therapy, data not used in this meta-analysis.
ǁ Lenalidomide and dexamethasone continuously or for 18 cycles only (No maintenance arm). ¶ Melphalan, prednisone, and thalidomide for 12 cycles, no maintenance therapy, data not used in this meta-analysis. 
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Heterogeneity and Sensitivity Analyses
We assessed the heterogeneity of data from the included trials using Cochran's Q test and I 2 statistic. Interestingly, statistical results indicated the presence of heterogeneity for PFS data (P = .018, I 2 = 44.2%) but not OS data (P = .273, I 2 = 14.5%). The study population in any given trial is essentially the same; therefore, these results indicate the presence of data heterogeneity across the included studies. In addition, apparent heterogeneities were also present regarding trial design, therapy regimen, calculation of survival outcomes, statistical methods, and other factors. Therefore, we decided to use the random effects model to conduct the meta-analysis of survival outcomes. Notably, using the fixed effects model for analysis does not change the major conclusions reported in this study (data not shown).
We ran the analyses repeatedly, removing one different study for each iteration to observe the change of pooled hazard ratios. The pooled hazard ratios ranged from 0.61 to 0.63 for PFS and 0.91 to 0.95 for OS, indicating that the survival outcome metaanalysis results were stable.
Publication Bias
Funnel plots are shown in Supplementary Figure 1 (available online). The results of Begg's rank correlation test and Egger's regression test of PFS (P Begg = .048, P Egger = .020) and OS (P Begg = .041, P Egger = .023) suggested potential publication bias for the present study.
Adverse Events
We conducted a meta-analysis to compare grade 3-4 adverse events in IMiD-containing arms and control arms and identified events that were potentially attributable to IMiD (Table 3) . We found that IMiD maintenance therapy statistically significantly increased the risks for developing grade 3-4 vascular events, including deep vein thrombosis (DVT) and pulmonary embolism (PE) (RR = 2.52, 95% CI = 1.41 to 4.52, P = .002) and peripheral neuropathy (RR = 2.27, 95% CI = 1.35 to 3.84, P = .002). We also observed higher risks for developing grade 3-4 hematological adverse events including neutropenia (RR = 2.73, 95% CI = 1.63 to 4.55, P < .001), thrombocytopenia (RR = 2.14, 95% CI = 1.34 to 3.40, P = .001), and anemia (RR = 1.43, 95% CI = 1.13 to 1.80, P = .003) in IMiD-containing arms. Maintenance therapy regimens containing IMiDs also increased the risks for developing grade 3-4 infection (RR = 1.64, 95% CI = 1.40 to 1.92, P < .001), fatigue (RR = 1.48, 95% CI = 1.08 to 2.03, P = .016), and constipation (RR = 1.82, 95% CI = 1.03 to 3.21, P = .039).
Notably, an increased risk of grade 3-4 peripheral neuropathy was found with thalidomide (RR = 2.83, 95% CI = 1.26 to 6.35, P = .012) but not lenalidomide (RR = 1.94, 95% CI = 0.66 to 5.77, P = .231) maintenance therapy. In contrast, an increased risk of myelosuppression was only prominent with lenalidomide but not thalidomide (for neutropenia, RR = 3.38, 95% CI = 1.78 to 6.40, P < .001, vs RR = 1.61, 95% CI = 0.89 to 2.94, P = .118; for thrombocytopenia, RR = 2.05, 95% CI = 1.27 to 3.33, P = .004, vs RR = 4.53, 95% CI = 0.59 to 34.58, P = .146; and for anemia, RR = 1.38, 95% CI = 1.08 to 1.77, P = .009, vs RR = 1.83, 95% CI = 0.90 to 3.70, P = .095). Increased risks of thromboembolic events, infection, and fatigue were observed with both thalidomide and lenalidomide (data not shown).
We did not observe an increased risk of developing second primary malignancies in patients randomly assigned to IMiDcontaining arms (RR = 1.33, 95% CI = 0.81 to 2.19, P = .257). However, when we specifically analyzed the risks of developing second primary hematological or solid malignancies, we found that lenalidomide was associated with a higher risk of developing secondary primary hematological malignancies (RR = 2.10, 95% CI = 1.08 to 4.09, P = .029) but not solid tumors (RR = 1.23, 95% CI = 0.54 to 2.80, P = .628).
Discussion
IMiDs are attractive agents for maintenance therapy of MM because of their impressive antimyeloma activity, predictable and mostly manageable side effects, and availability as oral medications. In the past decade, thalidomide and lenalidomide have been extensively studied in RCTs for maintenance therapy of MM, both following ASCT and in transplantation-ineligible patients. IMiD-based maintenance therapy has consistently demonstrated an increased response rate, which translates into the relatively consistent improvement of TTP/EFS/PFS; however, whether these benefits can also translate into an improvement in OS remains controversial. Our meta-analysis clearly showed that IMiD-based maintenance therapy can statistically significantly improve PFS but not OS in MM regardless of ASCT status.
Thalidomide in the Transplantation Setting
Meta-analysis of the six included studies (19, 20, 23, 27, 29, 30) showed that thalidomide maintenance therapy significantly improved the PFS of MM patients after ASCT (HR = 0.67, 95% CI = 0.61 to 0.74, P < .001). The PFS prolongation was observed in all six studies (HR = 0.56-0.73), demonstrating an unequivocal benefit of thalidomide maintenance therapy after ASCT in delaying disease progression. In contrast to the consistent conclusions reached in RCTs regarding the PFS advantage, whether thalidomide maintenance therapy yields an OS benefit after ASCT remains controversial. The IFM 99 02 trial was the first study that showed an OS benefit of thalidomide maintenance therapy after ASCT (19) . The investigators attributed the survival benefit partly to the best quality of response in the thalidomide arm, which was supported by the observation that thalidomide benefited patients who failed to achieve a very good partial response (VGPR) but had a limited effect among patients who did achieve VGPR. However, the thalidomide arm also included treatment with pamidronate, which confounds the interpretation of the results from this study because other intravenously administered bisphosphonates have been shown to improve OS (37). Two subsequent studies, TT2 (20, 38) and HOVON-50 (23), had a similar design in that thalidomide was used throughout induction, consolidation, and maintenance therapies. However, both studies failed to demonstrate an OS benefit of thalidomide maintenance therapy. One explanation may be shorter survival after relapse in the thalidomide groups, which was observed in both trials (20, 23, 38) , raising the concern that extended exposure to thalidomide may lead to the selection of drug-resistant clones that challenge salvage therapies. Another explanation is the use of thalidomide as salvage therapy upon relapse in control arms, which may prolong survival after disease progression, compensating for the shorter initial EFS (20, 38) . Three more recent trials investigating maintenance therapy with thalidomide after ASCT, alone or in combination with corticosteroids, did not reveal any statistically significant OS benefit (27, 29, 30) . In this context, our meta-analysis demonstrated that the prolonged PFS did not translate into improved OS, although a trend for longer survival in patients receiving thalidomide maintenance therapy was observed (HR = 0.90, 95% CI = 0.73 to 1.11, P = .343).
We excluded a potentially relevant Australian trial in which continuous prednisolone with or without 12 months of thalidomide was used after ASCT because the investigators defined the one-year use of thalidomide as consolidation therapy in this setting (39) . In this trial, incorporation of thalidomide after ASCT statistically significantly improved OS compared with prednisolone alone for maintenance therapy. Notably, patients who progressed on the arm without thalidomide did not cross over to receive treatment with thalidomide, with most patients not receiving this IMiD. Because the majority of studies failed to demonstrate an OS benefit of thalidomide in the transplantation setting, the addition of this study to the meta-analysis may potentially alter the result. In fact, two earlier meta-analyses with fewer trials included this study, and both analyses demonstrated that thalidomide after ASCT prolonged OS in MM (13, 29) . However, when we added this Australian study into our metaanalysis, we still did not observe a convincing OS benefit of thalidomide after ASCT (HR = 0.83, 95% CI = 0.64 to 1.06, P = .128).
However, this result does not concretely demonstrate whether thalidomide maintenance therapy after ASCT leads to improved OS in MM; therefore, performing an updated meta-analysis when updates of the above trials with extended follow-up and more eligible studies become available may be worthwhile. In addition to the effect of therapy administered after disease progression, the lack of statistical power and insufficient follow-up time may have obscured OS outcomes in prior clinical trials (30) . In fact, longer follow-up has already resulted in opposite conclusions in terms of the OS outcome in both the IFM 99 02 and TT2 studies (27, 40) .
Lenalidomide in the Transplantation Setting
Three trials have investigated the role of lenalidomide maintenance therapy after ASCT (32, 33, 36) . All three studies demonstrated superior PFS in the lenalidomide arms (HR = 0.42-0.50). Our meta-analysis confirmed a PFS benefit of lenalidomide maintenance therapy following transplantation (HR = 0.49, 95% CI = 0.41 to 0.57, P < .001).
Similar to thalidomide, the OS benefit of lenalidomide maintenance therapy after ASCT is controversial. The CALGB 100104 trial demonstrated statistically significantly improved OS in patients receiving lenalidomide maintenance therapy compared with patients who received the placebo (33) . However, the IFM 2005-02 trial published at the same time revealed a similar OS between the lenalidomide and placebo groups (32) . This discrepancy may have resulted from differences in induction and consolidation therapies. Specifically, in the IFM 2005-02 trial, both arms received two cycles of lenalidomide as consolidation therapy after ASCT; however, the consolidation therapy was not included in the CALGB 100104 trial (33) . In addition, patients randomly assigned to lenalidomide in the IFM 2005-02 trial only continued maintenance treatment for a limited time, whereas in the CALG 100104 trial maintenance therapy was continued until disease progression. A more recent trial compared lenalidomide maintenance with no maintenance after ASCT, and both arms received induction therapy with lenalidomide plus dexamethasone (Len/Dex) prior to ASCT (36) . In this study, no OS advantage was observed in the lenalidomide arm. The investigators suggested that a longer follow-up is necessary to better evaluate the survival benefit of a delayed clinical relapse (36) . Our meta-analysis of the above three studies indicated that lenalidomide maintenance therapy after ASCT did not prolong review OS in MM (HR = 0.82, 95% CI = 0.48 to 1.41, P = .477). If excluding the Palumbo study (36) , which might be too early to see a survival benefit, meta-analysis of the IFM 2005-02 and CALGB 100104 trials also showed no OS benefit of lenalidomide maintenance therapy after ASCT (HR = 0.88, 95% CI = 0.44 to 1.76, P = .723). Because the data on lenalidomide maintenance therapy after ASCT are limited at this time, an updated analysis is warranted when extended follow-up data of the above studies and additional relevant trials become available.
Thalidomide in the Nontransplantation Setting
A majority of the included studies showed a superior PFS with thalidomide maintenance therapy in MM patients not receiving ASCT; however, in two studies no statistically significant difference was found between the thalidomide and control arms (25, 28) . Meta-analysis of all seven studies clearly demonstrated that thalidomide maintenance therapy statistically significantly improved the PFS in the nontransplantation setting (HR = 0.66, 95% CI = 0.57 to 0.76, P < .001). In contrast, all seven studies were consistent in finding that thalidomide maintenance therapy in the nontransplantation setting did not improve OS, which was further confirmed by our meta-analysis (HR = 0.97, 95% CI = 0.85 to 1.11, P = .627).
Melphalan plus prednisone (MP) has been the standard of care in the past for MM patients ineligible for ASCT; however, with the introduction of IMiDs, a series of clinical trials was launched to compare MP plus thalidomide (MPT) with MP alone for this patient population, three of which contained maintenance therapy with thalidomide (21, 25, 26) . Two French studies without a maintenance phase demonstrated that MPT statistically significantly improved both PFS and OS in patients both younger and older than 75 years (41, 42) . However, a Turkish study did not reveal any DFS or OS benefit comparing MPT with MP (43) . With thalidomide maintenance following MPT induction therapy, investigators of the HOVON-49 trial reported both improved PFS (13 months vs 9 months, P ˂ .001) and OS (40 months vs 31 months, P = .05), although multivariable Cox regression only revealed a statistical significance for PFS (P = .006) but not OS (P = .19) (26). With similar designs, the Italian study found that thalidomide maintenance improved PFS/EFS but not OS (21) , and the Nordic study did not show any PFS or OS benefit of thalidomide maintenance (25) . Inconsistent results may have arisen from different patient populations (eg, performance status) and dose and schedule variations (25) . A meta-analysis of five of the above studies (full data of Turkish study not yet available) showed a clear advantage of MPT vs MP in terms of response rate, PFS, and OS (44) . Another meta-analysis of individual patient data of all six studies confirmed the same conclusions (45) .
Our meta-analysis focused on the benefit of thalidomide maintenance therapy, and the three relevant trials (21, 25, 26) collectively showed that MPT followed by thalidomide maintenance has clear benefits for patients ineligible for ASCT, ie, increased response quality and duration, which translates into improved PFS. Whether this also leads to improved OS remains unclear and may warrant longer follow-up and/or further study.
In the MRC Myeloma IX trial, single-agent thalidomide maintenance therapy following MP or attenuated cyclophosphamide, thalidomide, dexamethasone (CTDa) induction therapy in nontransplantation patients improved PFS but not OS (29) . The initial low availability of novel salvage therapy agents may have confounded the OS result. In addition, survival after progression was worse in the thalidomide maintenance group, which was similar to earlier reports (20, 23) and may partially explain the lack of OS benefit in this trial. A European trial found that when added to IFN-α maintenance therapy following MP or thalidomide plus dexamethasone (Thal/Dex) induction therapy, thalidomide improved PFS but not OS, although the power of OS analysis was limited in this study (24) . In another study, when compared with dexamethasone alone, continuous Thal/Dex for newly diagnosed MM statistically significantly improved the overall response rate (ORR), TTP, and PFS; however, the OS was similar in two arms, which is again possibly because of insufficient power (22) .
Bortezomib is another emerging novel agent in MM therapy and has been used in both induction and maintenance settings. In the GEM2005MAS65 trial, compared with bortezomib plus prednisone (VP), bortezomib plus thalidomide (VT) maintenance therapy in patients who received induction therapy with bortezomib, melphalan, prednisone (VMP) or bortezomib, thalidomide, prednisone (VTP) improved both PFS and OS, albeit without statistical significance (28) , indicating a favorable role of thalidomide in maintenance therapy. In an Italian study, VT maintenance therapy following VMP plus thalidomide (VMPT) induction was superior to VMP induction without maintenance, leading to statistically significantly improved PFS and OS (46) . We did not include this study in our meta-analysis because both bortezomib and thalidomide were used in the intervention arm and determining the contribution to improved survival would be impossible. However, if we include this study, the results for PFS (HR = 0.64, 95% CI = 0.57 to 0.73, P < .001) and OS (HR = 0.91, 95% CI = 0.80 to 1.04, P = .168) remain unchanged.
Lenalidomide in the Nontransplantation Setting
We included four RCTs of lenalidomide maintenance therapy for MM in the nontransplantation setting in this study. All trials were consistent in concluding that in patients not receiving ASCT lenalidomide-based maintenance therapy prolonged PFS but did not statistically significantly improve OS. The meta-analysis confirmed the impact of lenalidomide maintenance on both PFS (HR = 0.55, 95% CI = 0.43 to 0.72, P < .001) and OS (HR = 0.95, 95% CI = 0.85 to 1.05, P = .308) in this setting.
Similar to thalidomide, when added to MP for newly diagnosed MM, lenalidomide led to favorable response and survival outcomes. In the MM-015 study, MP plus lenalidomide (MPR) induction statistically significantly improved PFS when compared with MP alone, and lenalidomide maintenance following MPR induction further improved PFS (34) . OS was similar in all three arms in this study; however, the OS analysis may have been confounded by the crossover of patients to open-label Len/ Dex at progression (34) . In a recently published trial, lenalidomide maintenance following Len/Dex induction and MPR consolidation statistically significantly improved PFS but not OS (36) . Whether the improved PFS will eventually translate into longer OS can be further addressed when longer follow-up data are available.
Again, similar to the case of thalidomide, when compared with dexamethasone alone, continuous Len/Dex statistically significantly improved ORR and PFS but not OS (31) . The lack of OS benefit in this SWOG study can be attributed to the crossover design and insufficient statistical power because of early study closure (31) . In the more recent FIRST trial, continuous Len/Dex was superior to limited Len/Dex (18 cycles), leading to prolonged PFS but not OS (35) . This suggests a benefit of lenalidomide-based maintenance therapy in MM patients ineligible for ASCT.
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Adverse Events
Although largely safe, prolonged use of IMiDs for maintenance therapy of MM can lead to increased risks of several adverse events. One of the prominent side effects is thromboembolism, which warrants routine use of aspirin and/or anticoagulants such as warfarin and low molecular weight heparin. Peripheral neuropathy is another major concern of extended IMiD use. In this metaanalysis, an increased risk of grade 3-4 peripheral neuropathy was found with thalidomide but not lenalidomide maintenance therapy. The incidence of peripheral neuropathy was also much lower with lenalidomide use compared with thalidomide as found in this study, consistent with the current practice experience. Myelosuppression was found to be more prominent with lenalidomide according to our meta-analysis, which is also consistent with the present practice experience. Reports have described that the extended use of lenalidomide increases the risk of second primary malignancies (32) (33) (34) . A meta-analysis of individual patient data has demonstrated that lenalidomide is associated with an increased risk of second primary malignancies, primarily hematological malignancies (47) . Notably, the increased risk may be primarily driven by the combination of melphalan and lenalidomide (47) . Our meta-analysis of four trials (32) (33) (34) 36) found that lenalidomide was associated with a higher risk of developing secondary primary hematological malignancies but not solid tumors.
Patients in these four trials should all have had exposure to melphalan, which might be contributing to the increased incidence of second primary hematological malignancies. Our analysis was limited by the data available in the included trials, in which the potential risk of other second primary malignancies may not be fully displayed in limited follow-up. While measures can be taken to prevent thromboembolism and other common adverse events that are largely manageable, increased risk of peripheral neuropathy with thalidomide, and more importantly increased risk for developing second primary malignancies with lenalidomide, warrant serious consideration when starting maintenance therapy with these agents.
Whether lenalidomide is more effective and less toxic than thalidomide is an important question but is beyond the scope of our study. A previous study attempted an indirect meta-analysis approach and showed interesting results (48) . Indirect comparison of lenalidomide vs thalidomide maintenance after ASCT showed a PFS advantage but no OS difference when using observation/placebo as the common comparator. Indirect comparison of MPR followed by lenalidomide maintenance (MPR-R) vs MPT followed by thalidomide maintenance (MPT-T) in the nontransplantation setting showed a statistically significant PFS but not OS advantage for MPR-R when using MP alone as the common comparator. Regarding toxicity, consistent with practice experience, our meta-analysis showed that peripheral neuropathy is primarily a concern for thalidomide; however, concerns for second primary malignancies have been raised for lenalidomide but are less reported for thalidomide. Notably, a head-to-head RCT of MPR-R vs MPT-T is pending, which may provide additional insight into this issue.
Another important question that cannot be answered by our study because of the lack of necessary data is which patient population will benefit the most from IMiD maintenance therapy. Two trials on thalidomide maintenance therapy after ASCT showed that response prior to maintenance therapy can affect survival outcome. For example, patients who did not achieve VGPR or better with thalidomide maintenance therapy had prolonged EFS/PFS, but this benefit was not statistically significant in the patients who achieved at least VGPR (19, 27) . In the IFM 2005-02 trial, lenalidomide maintenance therapy after ASCT prolonged the three-year PFS rates regardless of whether they achieved at least VGPR prior to maintenance (32) . Currently, whether patients not yet achieving VGPR or better after ASCT would benefit more from IMiD maintenance therapy remains unclear. Whether cytogenetic abnormalities predict potential survival benefits from IMiD maintenance therapy also remains controversial. In the IFM 99 02 trial, thalidomide maintenance after ASCT statistically significantly prolonged EFS in patients without chromosome 13 deletion but not in patients with this abnormality (19) . In the TT2 study, thalidomide maintenance following ASCT statistically significantly improved PFS regardless of the absence or presence of cytogenetic abnormalities but extended OS only in patients with cytogenetic abnormalities (20) . In the MRC Myeloma IX study, thalidomide maintenance after ASCT improved the PFS in patients with favorable iFISH but decreased the OS in patients with adverse iFISH (29) . In the IFM 2005-02 trial, lenalidomide maintenance therapy after ASCT improved the three-year PFS rates regardless of del(13q) status (32) . In patients with high-risk cytogenetic abnormalities (t(4;14), t(14;16), and/or del(17p)), lenalidomide maintenance therapy failed to improve PFS or OS according to two trials (28, 36) .
To our knowledge, our study is the first comprehensive meta-analysis investigating the benefits and risks of IMiD-based maintenance therapy in MM in both transplantation and nontransplantation settings. Our findings that both thalidomide and lenalidomide maintenance therapy statistically significantly prolonged PFS but did not confer a clear OS benefit regardless of ASCT status add valuable knowledge to the field. However, longer OS was observed in IMiD maintenance arms in our study, although no statistical significance was reached. In addition to concerns of possible insufficient follow-up time and statistical power, other explanations include effective salvage therapy, which may include IMiD after relapse in the control arms, and shorter survival after disease progression in IMiD maintenance arms because of emergence of resistant clones with extended exposure of IMiD. It should be noted that with more therapy options available currently, patients can often receive multiple lines of therapy and have longer OS. Therefore, it becomes more difficult to see an OS advantage in upfront therapy trials. While it is important to evaluate OS, perhaps PFS would be a better measure of success to primary therapy. Initial therapy might only benefit OS if the treatment increases the proportion of "cured" patients.
Our study has several limitations. First, this meta-analysis is based on abstracted data instead of individual patient data. Second, our analysis is limited by the high degree of variation among included studies, which had heterogeneity in trial design, inclusion, and exclusion criteria, patient characteristics including cytogenetic profile, therapy regimen including induction and salvage therapy modalities, definition and calculation of survival outcomes, follow-up length, etc. Third, a potential publication bias is present. The evidence of maintenance treatment effectiveness might be biased because of potential bias in selecting trials for inclusion; particularly, only published trials are included and some studies without sufficient data were excluded. In addition, the meta-analyses of lenalidomide maintenance therapy were limited by the low number of available studies. We advise cautious interpretation of the results.
In conclusion, our meta-analysis demonstrated that thalidomide-and lenalidomide-based maintenance therapy statistically significantly improved PFS but not OS in MM and increased the risks of developing grade 3-4 adverse events, including thromboembolism, peripheral neuropathy, neutropenia, and infection.
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